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Edited by Horst FeldmannAbstract E153 is a respiratory deﬁcient mutant of Saccharo-
myces cerevisiae with a mutation in the active site of the Sit4p
protein phosphatase. Measurements of mitochondrial respiration
and cytochromes indicate that the mutation suppresses glucose
repression. The escape from catabolite repression is accompanied
by a marked reduction of the transcriptional repressor Mig1p.
The presence of normal levels of MIG1 mRNA in the mutant
and its association with the polysome fraction suggests that
depletion of Mig1p is the result of protein degradation. This
study shows that in addition to phosphorylation by Snf1p, the
transcriptional repressor activity of Mig1p is also regulated by
a post-transcriptional Sit4p-dependent pathway. Our evidence
suggests that this pathway involves turnover of Mig1p.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Biogenesis of the mitochondrial respiratory chain is regu-
lated by several distinct pathways in response to carbon
source. The Hap complex is an important global transcrip-
tional activator of a large number of nuclear genes including
those coding for subunits of the respiratory complexes [1,2]
and TCA cycle enzymes [3]. Transcription of Hap-regulated
genes fails to be activated in the presence of glucose leading
to decreased respiration. Another catabolite-responsive path-
way is controlled by the Mig1p/Ssn6p/Tup1p transcriptional
repressor [4]. While a great deal is known about this pathway
from studies of the SUC2 gene for sucrase [5–7], the genes in-
volved in regulation of mitochondrial respiration are not well
understood. For example, it is unclear how mutations in SSN6
and SNF1, the kinase responsible for inactivating Mig1p, pro-
duce a respiratory defect [8,9].
Here, we report on the properties of E153, a mutant previ-
ously assigned to complementation group G168 of a pet mu-
tant collection [10]. The mutation in E153 has been localized
to SIT4, encoding a PP2A type Ser/Thr protein phosphataseAbbreviations: pet mutant, respiratory deﬁcient mutant of yeast with a
mutation in a nuclear gene; SDS, sodium dodecyl sulfate; PAGE,
polyacrylamide gel electrophoresis; PMSF, phenylmethylsulfonyl ﬂuoride
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doi:10.1016/j.febslet.2007.11.027[11]. In agreement with the phenotype of a sit4 mutant
reported by Jablonka et al. [12], mutants with the E153 allele
display a growth defect on non-fermentable carbon sources
and fail to be repressed by glucose. We present evidence that
the escape from catabolite repression is the result of increased
turnover of Mig1p co-repressor, indicating that in addition to
its phosphorylation by Snf1p, Mig1p is also regulated by turn-
over through a SIT4-dependent pathway.2. Materials and methods
2.1. Yeast strains and media
The yeast strains used in this study are listed in Table 1. The compo-
sitions of the yeast growth media have been described elsewhere [14].
2.2. Disruption of SIT4
The C-terminal 468 nucleotides of SIT4 (BglII to SphI site) were re-
placed with a 1 kb BamH1-SphI fragment containing the yeast HIS3
gene. This construct (pG168/ST8) was partially digested with XbaI,
releasing a 2.2 kb fragment containing the sit4::HIS3 allele. This
DNA fragment was used to introduce a copy of the disrupted sit4 allele
in the diploid strain W303 [15]. Dissections of tetrads from the hetero-
zygous diploid transformants yielded only two viable His spores from
each tetrad, indicating SIT4 to be an essential gene in the W303 nucle-
ar background.
2.3. Cloning of the sit4 allele from aE153/U2
Nuclear DNA from aE153/U2 was digested with SacII and NheI
and fragments ranging from 1.5 kb to 3 kb were ligated to YEp351
[16] digested with SacII and XbaI. The resultant library was ampliﬁed
in E. coli and colonies containing the gene were identiﬁed by colony
hybridization using a 32P labeled 469 bp probe from the 5 0 coding re-
gion of SIT4.
2.4. Construction of a plasmid expressing HA-tagged Mig1p
A plasmid expressing HA-tagged Mig1p was constructed by replac-
ing the NotI fragment containing GFP in pBM3315 [17] with a 111 bp
3-HA epitope tag from pBS-3HA [18]. The resultant plasmid pM9 was
transformed into the wild-type strain W303-1A and aE153/U2.
2.5. Miscellaneous
Standard procedures were used for plasmid construction, plasmid
ampliﬁcation in E. coli, and Southern and Northern analysis [19].
Yeast was transformed by the LiAc method of Schiestl and Gietz [20].3. Results
3.1. Phenotype of mutants with the E153 allele
E153 is the only member of complementation group G168 of
a pet mutant collection [10]. Like other respiratory deﬁcientblished by Elsevier B.V. All rights reserved.
Table 1
Genotypes and sources of S. cerevisiae strains
Strain Genotype Source
D273-10B/A1 MATa met6 [13]
W303-1A MATa ade2-1 his3-11 leu2-3,112 trp1-1 ura3-1 R. Rothsteina
W303-1B MATa ade2-1 his3-11 leu2-3,112 trp1-1 ura3-1 R. Rothsteina
a/aW303 MATa/a ade2-1 his3-11 leu2-3,112 trp1-1 ura3-1 R. Rothsteina
E153 MATa met6 sit4H55Y This study
aE153/U2 MATa ura3-1 sit4H55Y E153 ·W303-1A
E153/A MATa ade2-1 his3-11 leu2-3,112 trp1-1 ura3-1 sit4H55Y E153 ·W303-1A
a/aW303DSIT4 MATa/a ade2-1 his3-11 leu2-3,112 trp1-1 ura3-1 SIT4/sit4::HIS3A This study
WVZ MATa ade2-1 his3-11 leu2-3,112 trp1-1 ura3::COX5a-lacZ(URA3) [14]
E153VZ MATa ade2-1 his3-11 leu2-3,112 trp1-1 ura3::COX5a-lacZ(URA3) sit4H55Y This study
aDepartment of Genetics and Development, Columbia University, New York.
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carbon sources.
Spectra of mitochondria from E153 or aE153/U2 (a meiotic
segregant from a cross of E153 to W303-1A) grown to log
phase in 10% YPD (repressed) were compared to those grown
to stationary phase in 2% YPGal (derepressed). Mutant mito-
chondria from derepressed cells had partially reduced cyto-
chromes b and a–a3, but not cytochrome c, which correlated
with a two times lower NADH-oxidase activity (Fig. 1A). AsFig. 1. Eﬀect of glucose on expression of mitochondrial respiratory chain co
D273-10B/A1 and the sit4 mutant aE153/U2. Mitochondria of cells grown in
ﬁnal protein concentration of 5 mg/ml and diﬀerence spectra of reduced v
previously [21]. The positions of the a absorption bands of cytochromes a,a
activities of NADH oxidase (NADHﬁ O2) are expressed in lmol O2/min/m
E153 were grown to log phase (A600 about 1) either on 10% glucose or 2% ga
(C) Expression of COX5a-lacZ fusions in wild-type W303-1A (WVZ) and the
strains were inoculated from fresh YPGal plates into 10 ml of YPD, YPGal
larger inoculum of sit4mutant because of its slow growth on glycerol. Cells we
growth the A600 were approximately 1. The cultures were harvested and b-gala
A600) reported are averages of three independent experiments.expected, wild-type cells grown to log phase in 10% glucose
compared to cells grown in 2% galactose showed repressed lev-
els of cytochromes (Fig. 1B). The concentrations of cyto-
chromes in the mutant, however, were nearly the same under
both growth conditions and were similar to the wild-type
grown on galactose (Fig. 1B). The lack of repression of the
mutant by glucose was also evident from the NADH- and suc-
cinate-oxidase activities of mitochondria from yeast grown in
high glucose medium and harvested at log phase (repressed)mponents. (A) Spectra of mitochondrial cytochromes in the wild-type
YPGal to early stationary phase were extracted with deoxycholate at a
s oxidized extracts were recorded at room temperature as described
3, cytochrome b, and cytochromes c and c1 are identiﬁed. The speciﬁc
g proteins (B) The wild-type strain D273-10B/A1 and the sit4 mutant
lactose. Spectra of mitochondrial cytochrome were obtained as above.
sit4mutant E153/A (E153VZ) grown on diﬀerent carbon sources. Yeast
or YPEG and grown at 30 C for 24 h. The YPEG medium required a
re then transferred to 50 ml of the same medium so that after overnight
ctosidase activities were assayed [23]. The speciﬁc activities (DA420/min/
Table 2
Respiratory activities in wild-type and mutant mitochondria
Strain Medium Speciﬁc activity (lmol O2/min/mg protein)
NADH oxidase Succinate oxidase
log Stationary log Stationary
D273-10B/A1 10% Glucose 0.129 ± 0.003 0.375 ± 0.010 0.042 ± 0.005 0.159 ± 0.000
aE153/U2 10% Glucose 0.311 ± 0.000 0.385 ± 0.011 0.113 ± 0.002 0.140 ± 0.000
Mitochondria were isolated from the parental wild-type strain D273-10B/A1 and from the sit4 mutant aE153/U2 grown in 10% glucose (YPD). Part
of the cultures grown in glucose were harvested in log phase and the remainder in stationary phase. The NADH and succinate oxidase activities were
measured at 24 C as described previously [22]. The values reported are averages of two assays with the ranges indicated.
Fig. 2. Restriction maps and subclones of plasmids with (A) SIT4 and
(B) ISF1. All the inserts were cloned in multicopy plasmids. The
locations of restriction sites EcoRI, (E); HindIII, (H); BglII, (G);
KpnI, (K); SphI, (S); XbaI, (X); XmaI, (Xm) are marked. The genes
are depicted by the solid arrows and the disruptors by the open bars.
Growth of the transformants on rich glycerol/ethanol medium is
indicate by the + (wild-type growth), +/ (two times slower than wild-
type),  (mutant growth).
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pressed). Both oxidase activities increased approximately 3-
fold in wild-type cells harvested in stationary phase (Table
2). In contrast, independent of the growth phase, the oxidase
activities of aE153/U2 were only slightly lower than those of
derepressed wild-type. The eﬃciency of ATP synthesis (P/O ra-
tios) during succinate oxidation was also similar in the mutant
and wild-type (data not shown).
The absence of glucose repression in the mutant was also
evident from the b-galactosidase activities expressed from a
fusion of the COX5a promoter (subunit 5a of cytochrome
oxidase) to lacZ [14]. The wild-type strain W303-1A with a
chromosomal copy of the lacZ fusion expressed four times
higher b-galactosidase activity in galactose and 8 times higher
activity in glycerol than in glucose grown cells. Expression of
COX5a-lacZ, however, was much less responsive to carbon
sources in the mutant (Fig. 1C). The b-galactosidase activity
in the mutant grown in glucose was almost two times higher
than wild-type and was only marginally increased when the
mutant was grown on non-repressive substrates such as galact-
ose or glycerol. Similar results were obtained with CYC1-lacZ
and KGD2-lacZ fusion constructs (data not shown). The in-
creased b-galactosidase activity in the E153VZ mutant grown
on glucose and the decreased activity on galactose or glycerol,
indicates that the mutation signiﬁcantly reduced repression by
glucose but also compromised derepression/activation by non-
repressible substrates.
3.2. aE153/U2 is complemented by SIT4 and suppressed by ISF1
Respiratory competent clones were obtained by transforma-
tion of aE153/U2 with YEp24-based yeast genomic DNA
library [24]. Plasmids isolated from the transformants indicated
two distinct regions of DNA capable of restoring respiration in
the mutant. Subcloning of the inserts of two representative
plasmids (pG168/T3 and pSSG168/T1) identiﬁed SIT4 and
ISF1(MBR3) as the genes responsible for rescuing the mutant
(Fig. 2). ISF1 conferred slow growth on glycerol consistent
with it acting as a suppressor of the E153 allele. SIT4 fully res-
cued the growth defect of aE153/U2 suggesting that it was
complementing the mutation of aE153/U2.
The phenotype of sit4 null mutants diﬀers depending on the
genetic background [25]. Null mutations in SIT4 are lethal in
W303. In the D273-10B background sit4 mutants are viable
but respiratory incompetent. The failure of the E153 mutant
allele to rescue the lethality of a sit4 null mutation in W303
(data not shown) suggests that the H55Y mutation abolished
phosphatase activity.
Sit4p was previously localized in the nucleocytoplasm [26].
This was conﬁrmed in the present study as the protein was
not detected with a polyclonal antibody against a GST-Sit4pfusion protein in mitochondria. The abundance of Sit4p was
the same in wild-type or the mutant and was not altered when
grown under repressed or derepressed conditions in rich glu-
cose or in galactose (not shown).
3.3. Mig1p depletion in sit4 mutants
The loss of glucose repression of mitochondrial respiration
in sit4 mutants (Fig. 1, Table 2) suggested that Sit4p might
be involved in the catabolite repression pathway that uses
the Ssn6p/Tup1p/Mig1p repressor complex. Transcriptional
repression by this complex is determined by the phosphoryla-
tion status of Mig1p, which in the phosphorylated state, disso-
ciates from the complex and relocates from the nucleus to the
cytoplasm, thereby releasing the transcriptional block.
Dephosphorylation of Mig1p could potentially aﬀect its inter-
action with the Ssn6p/Tup1p complex, its binding to DNA,
and the ability of the complex to repress transcription [17,27].
Mig1p levels and phosphorylation status were examined
in vivo in yeast expressing a C-terminally HA-tagged protein
(Mig1p-HA). The cellular abundance of Mig1p-HA was re-
duced at least 50-fold in the sit4 mutant, although its phos-
phorylation was not aﬀected (Fig. 3A). Most of Mig1p was
dephosphorylated in either wild-type or mutants cells grown
in high glucose media but was phosphorylated in cells grown
in galactose (Fig. 3A). The reduced concentration of Mig1p
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Fig. 3. Eﬀect of the sit4 mutation on expression and phosphorylation of Mig1p. (A) The wild-type strain W303-1A and the sit4 mutant aE153/U2
were each transformed with pM9 containing HA-tagged MIG1. The two transformants were grown in minimal selective media in the presence of
glucose (Glu) or galactose (Gal) to log phase (A600 = 0.5–1). Cells were harvested, cooled with ice and mixed with an equal volume of ice cold 2M
NaOH containing 1% b-mercaptoethanol (b-ME). After 10 min lysis on ice, the suspension was neutralized with 6 M HCl and centrifuged at
20000 · g for 15 min at 4 C. The denatured protein pellets were suspended in 1% sodium dodecyl sulfate (SDS), 25 mM Tris–Cl, pH 7.5, 1% b-ME,
heated at 95 C for 5 min and clariﬁed by centrifugation at 20000 · g for 15 min. Supernatants (30 lg protein) were separated on an 8% SDS–PAGE
gel, transferred to nitrocellulose, and processed with rabbit anti HA antibody (Covance Inc.). The migration of the unphosphorylated (HA-Mig1p),
phosphorylated (HA-Mig1p-P) protein, and of molecular weight standards are indicated in the margins. (B) W303-1A and aE153/U2 were grown to
log phase in 10% glucose and 2% galactose media. PolyA-enriched RNA (3 lg) was separated on a 1% agarose gel, blotted to DBM paper [28], and
probed with a 32P-labeled DNA fragment containing the entire MIG1 reading frame. The blot was stripped of the probe and rehybridized to a 32P-
labeled actin probe. (C) Overnight cultures of D273-10B/A1 (WT) and aE153/U2 were diluted to an A600 0.1 in 100 ml liquid YPD medium and
grown at 30 C with vigorous shaking to a density of A600 = 1.0. Cycloheximide was added to a ﬁnal concentration of 50 lg/ml, and the suspension
was poured into a centrifuge bottle containing an equivalent volume of ice. Cell were harvested, washed twice with lysis buﬀer (10 mM Tris–Cl, pH
7.4, 100 mM NaCl, 30 mM MgCl2, 200 lg/ml heparin, 50 mg/ml cycloheximide and 2 mM PMSF) and suspended in the same buﬀer. The washed
cells were mixed with 0.75 volumes of glass beads (0.45 mm) and the mixture was vortexed 6 times for 20 s, with 1 min ice cooling intervals. The
homogenates were cleared by centrifugation at 3000 · g for 5 min followed by 10000 · g for 10 min. Cell extract equivalent to 25 A254 units were
loaded on 5 ml of a linear 7–47% sucrose gradient prepared in the presence of 50 mM Tris-acetate pH 7.0, 50 mM NH4Cl, 12 mM MgCl2, 1 mM
DTT, 50 mg/ml cycloheximide, and 200 lg/ml heparin. The gradients were centrifuged at 39000 rpm for 90 min in a Beckman SW65 rotor at 4 C.
Fourteen equal fractions were collected with a Brandel Model 184 Fractionator connected to Pharmacia UV MII monitor equipped with a A254
ﬁlter. Samples (135 ll) of each fraction were diluted with 346 ll H2O and 60 ll 10% SDS, extracted with 520 ll water-saturated phenol and the
aqueous phase (500 ll) was precipitated in the presence of 30 ll 5 M NaCl and 1.5 ml ethanol. The RNA pellets were dried, suspended in loading
buﬀer and one half used for Northern analysis as in part (B). The 80S monosome and polysome peaks are marked. The distribution of the MIG1
mRNA is shown under the A254 tracing of each gradient. Fractions 4 and 5 have a high background but no speciﬁc hybridization signals.
C. Jin et al. / FEBS Letters 581 (2007) 5658–5663 5661in the sit4 mutant was conﬁrmed by ﬂuorescence microscopy
of cells expressing a GFP-Mig1p fusion protein. The ﬂuores-
cence in wild-type cells grown in glucose was localized in the
nucleus. The nuclear accumulation of GFP-Mig1p was not evi-
dent in wild-type cells grown in galactose, presumably because
of its relocation to the cytoplasm. Consistent with the West-
erns, no ﬂuorescence was detected in the sit4 mutant grown
either in glucose or galactose (data not shown).
The near complete absence of Mig1p in the sit4 mutant indi-
cated that this phosphatase functions in a pathway that regu-
lates either transcription of MIG1 or translation/stability of
the protein. MIG1 mRNA levels of the wild-type and the
sit4 mutant were not signiﬁcantly diﬀerent nor were they af-
fected by carbon sources used to grow cells (Fig. 3B). The
Northern results suggested that depletion of Mig1p in the mu-
tant occurs post-transcriptionally either as a result of lower
translation or increased turnover of the protein.
Translation of Mig1p was examined by comparing the
mRNA in fractionated polysomes from wild-type and the
sit4 mutant. The similarity in the distribution ofMIG1 mRNAin fractionated polysomes of the two strains (Fig. 3C) favors
the notion that the Mig1p deﬁcit in the sit4 mutant is not
due to reduced translation. Rather it suggests increased turn-
over as the mechanism by which Mig1p levels are regulated
by Sit4p. However, because turnover of Mig1p was not
measured directly, an alternative mechanism cannot be entirely
ruled out.4. Discussion
The altered catabolite repression response of the sit4 mutant
described in this study is evidenced by the derepressed cyto-
chrome spectra and respiratory activities of mitochondria
from cells grown in high glucose. The escape from glucose
repression was conﬁrmed by microarray analysis of total cellu-
lar mRNAs in cells grown under repressed and derepressed
conditions (www.columbia.edu/cu/biology/faculty/tzagoloﬀ/
sit4data). Average values of mRNAs functioning in pathways
previously reported to be subject to glucose repression through
Mig1p
PP
Degradation
Sit4p
+ Glucose Glc7pReg1p
Hxk7p
Cytoplasm
Nucleus
- Glucose
Snf1p
Mig1p
Ssn6p Tup1p
suppressor
Fig. 5. Signal transduction pathways in glucose repression. In the
presence of glucose, Mig1p is in the nucleus, where it represses
transcription through the Ssn6/Tup1p complex. Depletion of glucose
leads to activation of the Snf1p kinase complex and phosphorylation
of Mig1p. Phosphorylated Mig1p dissociates from the Ssn6p/Tup1p
co-repressor and relocates to the cytoplasm thereby relieving the
transcriptional block. In the presence of glucose, Glc7p and Reg1p
dephosphorylate Mig1p causing it to translocate to the nucleus and
interact with Ssn6p/Tup1p. Sit4p is shown to function in another
signaling pathway that targets cytoplasmic (or nuclear?) Mig1p for
proteolytic degradation. This ﬁgure is modiﬁed from Gancedo [31].
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port, and carbohydrate metabolism), were higher in the mutant
than in wild-type grown on glucose (Fig. 4), indicating that the
eﬀect of the sit4mutation is general. This ﬁnding points to a no-
vel Sit4p-dependent transduction pathway involved in catabo-
lite regulation.
The Ssn6p/Tup1p complex has been shown to recruit Mig1p
to the promoter of glucose repressed genes by interacting with
a GC-rich consensus site in their promoter regions [29]. The al-
most complete absence of Mig1p in the sit4mutant helps to ex-
plain the lack of repression of the mitochondrial respiratory
chain constituents as well as other gene products regulated
by this pathway. The association of MIG1 mRNA with the
polysomal fraction of the mutant favors turnover of Mig1p
as the chief mechanism for its depletion. This mechanism ap-
pears to operate independent of the regulatory pathway
involving Snf1p kinase-dependent phosphorylation of Mig1p
(Fig. 5) [9,27]. Mig1p could be degraded by protease regulated
by Sit4p or Mig1p itself may be more susceptible to proteolysis
in the sit4 mutant [30]. Dephosphorylation of cytoplasmic
Mig1p has been proposed to be catalyzed by the Glc7p/Reg1p
phosphatase [27] making it unlikely that Sit4p is the catalytic
subunit of the phosphatase responsible for the activation of
Mig1p. Despite the low amounts of Mig1p in the mutant,
the ratio of phosphorylated and unphosphorylated Mig1p
was about the same as in wild-type. Although this suggests that
both forms of Mig1p are degraded, it is not excluded that only
one form is susceptible and the loss of the other occurs as a re-
sult of its phosphorylation or dephosphorylation.
While the depletion of Mig1p accounts for the lack of catab-
olite repression, it does not explain why sit4 mutants are un-
able to grow on non-fermentable carbon sources. The latter
property is not related to Mig1p depletion as mig1null mutants
are respiratory competent and are able to grow on rich etha-
nol-glycerol media. The respiratory deﬁcient phenotype of
the sit4 mutant suggests that Sit4p also aﬀects some other
pathway that targets mitochondrial respiration. Jablonka
et al. [12] found the sit4 mutant to accumulate glycogen and
have suggested that they may have futile glycogen cycle that
could lead to a depletion of metabolites needed for ethanol uti-
lization. Sit4p may also function in a pathway that aﬀects tran-SIT4 sit4
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Fig. 4. Expression patterns ofMIG1 regulated genes involved in sugar
metabolism. SUC2, GAL1, HXK1, MAL12 function in sugar metab-
olism, GAL4, MAL13 in regulation of transcription, MAL11 in sugar
transport and FBP1, PYC1, PGI1, FBA1, TPI1, GUT1 and GUT2 in
glucose synthesis from three carbon intermediates. The wild-type strain
and mutant used for the microarray analyses were D273-10B/A1 and
aE153/U2, respectively.scription of gene regulated by the Hap complex. This might
explain the partial rescue of the sit4 mutant by over-expression
of ISF/MBR, which has been reported to suppress the respira-
tory defect of hap2, 3, and 4 mutants [32].
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